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FLIGET TESTS OF AN AIRPLANE SHOWING DEPENDENCE OF THE
MAXIMUM LIFT COEFFICIENT ON THE TEST CONDITIONS

By H. A. Sould and James A. Hootman
SUMMARY

Data are presented to show the extent to which the
maximun lift coefficient and, consequently, the minimum
speed of an .airplane, as determined by flight tests, may
vary with test conditions. The data show that GLmax nay S—

vary by as much as 14 percent, depending on the altitude
and wing loading at which the tests are made, the position
or motion of the propeller, and the rate at which the an-
g€le of attack is changing when the maximum lift coeffi-
cient is obtained. The variation of the maximum 1ift co-
efficlient with these factors, which are under the control
of the test engineer, shows the need of standardizing the
test procedure. A further variation is shown with wing

" conditions as affected by weathering and vibration, fac-
tors that cannot be completely controlled,

INTRODUGTION

General experience with the measurement of minimum
speeds and maximum 1ift coefficients has indicated con-
siderable difficulty in obtaining agreement between suc-
cessive measurements on a given airplane, between wind-
tunnel and flight tests of a complete airplane, and be-
tween measured and predicted minimum speeds for a given
airplane., The purpose of the prescnt paper 1s to present
N.A.C.,A. flight experionce with onc airplane and to dig-
cusg the factors that were found to affect the minimum
speeds and the maximum 1ift coefficients obtained under
difforent test conditions. The factors investigated were
Reynolds Numboer, which was varied by chenging ths wing
loading and altitude, propsller condition, rate of change
of angle of attack, and wing-surface condition. The data
were obtgained in connection with one phase of a general
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investigation of scale effect, which included a comparison
of results obtained in flight with those obtained in the
full-=gscale wind tunnel.

[

APPARATUS AND METHOD

The Fairchilld 22 airplane used in the investigation
is a small two-place parasol monoplane powered with a 145-
horgsepower Warner engine and equipped with a specially fin-
ished wing of rectangular plan form and N.A.C.A., 2R312
section. The wing has semicircular tips and a slight
trailing-sdge cut-out at the center section (fig. 1). The
mean chord, which was used as a reference length izn the
computation of Reynolds Numbers, is 5.21 feet.

. In order %to reduce the effects of surface roughness,
the portion of the wing including the leading edge and ex-
tending on the upper surface 18 inches and on the lower
gsurface 12 inches back from the lesding edge was glven a
very smooth, uniform finish., The entire wing was polighed
and waxed: at the beginning of the flight tests and the
vortion of the wing having the sgqcial_finlsh was repol~
ished before each flight. As a further aid in securing

good flow conditions, the gap betwecn the wing and the ai;_

leron was closed by means of a flexible fabric seal.

The recording instruments used in the investigation
consisted of an air-gpeecd meter, an angle-of-attzck meter,
an accelerometer, and a timer. The air-gpoed recorder was
connected to a swiveling pitot—static head mounted on a
light boom about one chord length forward of the leading
edge of the right wing at the semispan and slightly below
the plane of the chord. This air-speed recording system
was calibrated in flight by the use of-a guspended static
hesd as desgcribed in reference. l.

The angle~of-attack recorder consigsted of a differen-
tlal-pressure-type yaw head mounted on a boom similar to '
that employod for the air-svced hoad but on ihe opposito
gside of the airplanse., The installation of the booms is
shown in figure 2, The angle-of-attack recorder was cali-
brated in steady glides with the aid of a recording in-
clinometer by timing the girplane for a known change of
altitude as indicated by a calibrated Kollsman altimeter.

The 'accolerometer was used to record the components of ac~

celeration parallel to the X and 2 Dbody axes. The
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timer wvas used in determining the rate of change of angle
of attack and for synchronizing the records from the dif-
ferent instruments.

The general method employed in the investigation was
to fly the alrplane with a known wing loading at the de-—
sired altitude at which either a series of gteady glides
or 8 series of pull-ups to the stall at various rates of
change 0f angle of attack would be made. The flights werse
made only when the air was smooth. The air speed, angle of
attack, and accelerations were recorded by the instruments
as functions of time. The approximate time at which the
1ift coefficient reached & maximum in each rin was obtained
from an inspection of the film records.” The value of the
lift coefficient was then calculated for several instants ~
at intervals of 1 second or less in the vicinity of the
time at wihich the maximum value was expected.

In the calculatlion of the 1ift coefficients the re-
gsultant force acting on the ailrplane and its direction
relative to the airplane axes were computed from the ac~
celerometer records and the weight of the airplane at the
time of the tests. The 1lift L, which is defined as the
component of force normal to the wind axils, was determined
from the resultant force and the angle of attack. The
welght for each flight was estimated from the’ welgﬁf of
the sirplane and pilot obtained immediately after the
flight by correcting for the fuel used In refurning to the
hangar. The dynamic pressure g was obtained by correct-—
ing the pressure given by the air-speed head for_ the posi-
tion error. From the simultaneous values of L and g
so found, the 1lift coefficient was computed from the rela~
tion

in which S 1is the area of the wing (171 square feetb).

Variation of the Reynolds Number was secured by vary-
ing the wing loading and the altitude at which the tests
were made. For the low Reynolds Number condition, the
airplane was flown with the lightest load and at the high:«
est practicable altitude. High Reynoldg Numberg were ob-—
tained by flying with full service loading and 500 pounds
of ballast in the front seat and at the lowest practicable
altitude. .
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Tests were made with the propeller stopped in both
vertical and horlzontal positions, idling, and turning at
full speed. The rate of change of the angle of attack was
varied by changing the rate at which the control stick
was moved during the pull-ups.

Although, as has been noted, the portion of- the wing
having a special finieh was repolished before each flight,
some small_ irregularities in the wing surface developed
from time to time owing to checking of the dope finigh,
particularly at the leading-edge reinforcement. In order
to obtain an indication of the wffect of the small ridge
thug formed, several flights were made in which a linen
thread 6 feet long and having a diameter of approximately
0.015 inch was attached to the central portion of the upper
surface of the smooth wing about 3 inches back of the lead-
ing edgs. .

RESULTS AND DISCUSSION

The results of the investigation are given in tabular
form in tables I to V. Since minimum speed is dependent
upon the loading of the airplane, as well as upon the 1ift
coefficient, the results are given in most cases in terms
of maximum lift coefficient rather than in terms of mini-
mun speed. The corresponding percentage variations in the.
indicated minimum speed for a gilven loading are apnroxi-
mately half as large as those for maximum 1ift coefficlent.

All of- the values gilven in the tables, with the ex-
ception noted in table III, represent the mean obtained
from four to six different runs made under supposedly ilden-
tical conditions in one flight. The values for all the
runs from each flight were averaged to increase the preci-
sion of the final results. Table I has been included to
show the variation that occurred in the results of the in-
dividual runs of the different flights as an 1lndication of
the precision to be expected when measurenents are nade
under constant test conditions. Data from two representa-
tive flights showing respectively the minimum and maximum
variations in the results of individual runs for a series
of 20 flights are presented. Calculations made on the ba-
sis of the results of this series of flights indlcate a
probable maximum variation in the values of CLmax of 2.b

percent and an average deviation of the individual results
from the mean value of legs than 1 percent.
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The air speeds given in table I are those occurring
at the instant the maximum 1ift coefficient was attained.
It is important %o note that the occurrence of the maxinum
1ift coefficient and of the minimum recorded air speed
were rarely coincident, the speed usually continuing to
fall off slightly after the beginning of the stall. The
results of a typical run showing this effect are given in
figure 3 in which air speed, 1ift coefficient, and elesva-
tor deflection are plotted agzinst time. As will be seen-
from the figure, following the attainment of the naximun
lift coefficient, there is a short period during which the
speed falls below the stalling sveed before the increase
normally associated with the stall is apparent. The mini-
mum speced for the run shown is 0.8 of a mile per hour be-
low that corresponding to the maximum lift coefficient.

It ig believed that the difference between the minimum and
stalling svsods rogults from an inertia effect similar to
that occurring in whip stalls and is dependent on the rate

of change of angle of attack at the stall and on the stalle

ing characteristics of the wing being tested.

The attainment of a speed lower than the stalling
speed in gradwal pull-ups of the type made is of practical
inportance only in regard to the possible errors it may
introduce in the rosults when the accelerations are not
rocordod. If the air speed is rocorded, it is believed
that the stalling speed may be choson without difficulty
once the general character of the rocords is appreciated.
If an indicating instead of a recording air-speed meter is
used, the observer should be familiar with the expected
scquence of ovents and should discount any sudden changos

in the roading of the indicator as the alirplanc noses over

or falls off on a wing following the stall; figurc 3 shows

such a change occurring after a timo interval of 8 seconds.

In connection with thae measurements, care ghould be
taken to secure an accurate calibration of the alr-aspeed
recordiang ingstallation, particularly in the speed range
just above the gtall. Fo? example, even though a sw1vcl~
ing air—-speed head was used in this investigation and was
mounted approximately one chord length forward of the
loading edge, considerable correction was necessary, as
shown in figure 4, for one value of ,the wing loading. As
w71ill be noted, the error incrcases rapidly as the gtalling
specd is approached, showing that the extrapolation of a
calibration curve which does not extend to the stalling
speed may lead to serious errors.



6 NeAC.A. Toechnical Note No, 622 . -

Effect of rate of change of angle of attack.-~ The
wind—-tunnel tests with which flight meagurements are gen-—
erally comparced are usually made with the model statlonary
and, for purposes of comparison, it would be desirable if
flight_tests could be made in the same manner. Comparable
test conditlionsg are very difficult %o secure in flight,
however, becaouse of—the unstable charactor of the atmosge
phore. Any disturbance is likoly to precipitate a partial
stall of the airplane and, even if the stall is only tom—
porary in character, the records obtaincd for the subsc—
quent complete stall will be influenced by the so-called
"hystercsis" shown by the 1lift curve. Morcover, many air-
rlanesg connot bo flown ateadily at the stall. In practico,
tho procodure ig either to fly the alrplanec at the mini-
mum steady spoed or to increase slowly tho angle of attack
until the airplane stalls. These two mothods are usually
assumnod to give comparable rosults.,  Actually, the diffor-
ence 1s approciablo. Table II ghows the difforence in tho . . _ ;
results obtained for steady glides and faor pull-ups mado . -
at the slowest possible rate at which the pilot could be _ _
sureo that the increase of angle of attack wag continuous. -
Tho ratec of chango in the angle of. attack averugod about
0.2° per socond, which corresnonded to a specd decroasec of
the ordor of 0.5 milc per hour per second. 4s will bo .
noted, tho tostg showed a difference of approximately &

percent in C " for the two methods. Further teosts
Lmax . ) o,

‘woro made in which the rate of pull-up was varled. The
data fronm these tests are not given because it is impossi-
ble to obtain consistent variation in the speed of the

pull-ups, dbut the results indicate that chat increages

with the speed of the pull-up. These conclusions have-been .
substantiated by unreported tests of the airplane in the

fullwgeale tunnel and of the W.A.C.A. 2R;12 airfoil alone.

The airfoil tests indicate that the greatest increase ln

Cp,__, -lles between—da/dt = 0 and dafdt = 0.2°  per

second, the increase between da/dt = 0.2° and da/dt =
0,4° 'por second being only one-third as large.

Effoct of propeller.- The variation in the maxlinum -
1ift coefficient with the propeller condition is shown in ~
table III., It will be noted that with theo propeller _
stopped the 1lift coofficient depends to some extent upon
tho propeller position. The differqrce is usually not
large and 1s probably within the precision of .the average .
test, but the small consistent increase that results when
the propeller is stopped in the horizontal position indi- .
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cates its presence. Thig effect is not of great importance,
because it is usuvally obscured by factors over which the
test -engineer hag no control, The effect of rotation of

the propeller, however, is of 1mportance. The data indi-

cate that, for the airplane tested, Of a is 4 percent
max

greater for the propeller idling at about 550 .r.p.m, than
for the nropeller stopped vertically. It is, of course,

to be expected that even for the same airplane the differ-
encoe will vary with the idling speed of the ongine, ag i‘l
termined by the throttle stop sotting. The offect of the
propoller will also vary with the geometric arrangement of
the airvlane and ,the relation of the propeller to the wing.

The large increase in GLmax obtained with full tﬁrottle, -~

as shown in table III, is wusually observad.

Effect of Reynolds Number.- It is generally understood
that, in the avpplication of model data to an airplane, al-

lowance should ke made for an increase of chax' with

Reynolds Numdber. It is not so widely appreciated, however,
that the varigtion of Reynolds Number for different condiw-
tions that may be eacountered during the course of a pro-
longed sories of tests may be sufficient to provent the at-
tainment of consistont results. The variation of )

®Lnax
with Reynolds Number is shown in table IV. It is of inter-
est to note that the increment is approximately the same
for the two propeller conditiong illustrated. 4s previous-—
ly noted, the Reynolds Number was varied by flying with
light 1oad1ng at high altitude and with heavy loading at
low altitude. The weoight variation was from 1,625 %o

2,232 pounds, or 37 percent of the gross wolght for the =~
lighter loading, which ig scmewhat larger than the pay load
of most airplanes. In the presont case the difference in
woight accounted for about 84 porcent of the chango in
Roynolds Humbor, the altitude differcnce having only a

mall effeet. It should be noted, howover, that even with
no caange in the loasding a large varlation in Rcynolds Tum-
ber may occur if tests are made ot low altitude in winter
and at high altitude in sunmer. For ' examble, the varia—
tion in the Reynolds Humber corresponding to a change from
an altlitude of 2,000 feet and o temperature of 0° F, to an
altitude of 10, 000 feect nnd a temporature of 50° F. is ap-
proximately 33 perccent, o

Effect of wing condition.~ The wing used in the tests
had been in storsge for o considerable periocd prior to ths
beginning of the nproject. After the surface had Bsen pre-




8 N.A.C.A., Technlecal Note No, 622

pared the wing was installed and the airplane rigged for
the tests. After geveral preliminary flights the airplane,
was tested in the full-scale _tunnel, tested in flight, re-
tested in the tunnel, and finally retegted agaln in flight.
The time elapsing between the instaellation of the wing and
the final test was 225 dayse. The data for a number of
fllghts made under comparable conditions at intervals dur-

ing thls time show a small consistent decrease in CLmax

with time., This deccrease was particularly noticeable
after the firgt serlies of tunnel teosts, after which a
drop of more than 5 percent was observed,

Observations showed somc deterioration of the wing
finigh during the flight tests which could not have been
prevented. The sag of the fabric between the ribs varied
from day to day, probably with humidity and temperature,
and the angle of the wing setting on one-portion of the
wing changed about 0.5° between the beginning and the com=~
pletion of the tests, It is not believed that the results
of any one of these changes by itself could cause differ—
enceg in 1ift of_the magnitude noted. No satlsfactory
explanation has been found for the large drop in the maxi-
mum 1ift coefficient observed after the first series of
tunnel tests, but it is believed that the relatively se-
vere vibration which occurred at the etall in the ftunnel
may have resulted in the immediate take-up of all initial,
slack in the wing rigginge. This process would normally
have taken a considerably longer period of time in flight.
The decreage in CLmax caused by the small ridge secured

by doping a.linen thread to the upper surface of the wing,
as previougly explained, is shown by table V to be about
1.4 poercent, _ .

CONCLUDING REMARKS

Variations in the rate of change of angle of attack,
the propoller condition, and the Reynolds Number are under
the control of the test engineer. The gummation of the de~
viations observed, due to variations in these test condi-
tlioneg for the same wing condition, amounted for this air-
plane to 14 percent, which illustrates the necesslty of
maintaininhg constant test conditions if congistent results
~nre to be obtained. The desirability of standardizing tho
test procedure in measuring GLmax and minimum speed, so

that the results of different tests will be to some extent
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comparable, is clearly shown. Obviously the %test condi~-
tions should always be specified in giving the wvalue of
Cr, or of the minimum speed of an airplane.

max
It may be stated that, for a series of tests made
over a rolatively short period of time, all of which are
made at the same pressure altitude, with the propeller
stopped in the same position, with the same wing loading,
and with the angle of attack increasing to stall as slowly

as %the pilot can accomplish it by steady and continuous
motion of the elevator, the maximum dispersion in the

values of GLm and of minimum speed is unlikely to ex~
ax

ceed 3 percent and 1.5 percent, respectively, and the cor-
responding probable errors should not exceed.one—tnlrd oF
these values.

The condition of the wing, as affected by weathering,
weaving, or warping, and by changes in the rigging is only
partly under the control of the test engineer. If consid-
erable %time elapses or if the wing is subjected to rela-
tively severe strains botween tests, it is possidle, at
least in the case of a wing of wood and fabric coanstruc—
tion, that the results of tho later test may show a de=
crecase in GLmax of several percont of the value obtained

when the wing was firgt installed.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 13, 1937.
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TABLE I

Variation . of Results Obtained Under Similar Conditions

Pressure |Temperature| Reynolds |Indicated | O
Run Humber air speed max
(in. Hg) (3F.) (millions)| (m.pehs)
Wing surface roughened by doping thread on wing
1 20,675 45 2,195 53.0 1,293
2 20,675 45 2.215 53,3 1,299
3 20,875 45 2.198 53,2 1,301
4 203675 45 2.1s8 53,3 13299
Average 20,675 45 2.202 53.2 1.298
Maximum dispersion in chax = 0,008, or 0.8 percent
Wing surface polished .
1 2B.36 2%.5 3.002 58.2 1,478
2 28,36 23.5 24995 5843 1,470
3 28, 36 23.5 3.043 59,0 1,435
4 28.36 27,5 3,055 59,2 1,424
5 28.36 23,5 3.120 59.8 1,381
Average 28,36 2345 3,040 58.9 14438
Maxinmum dispersion in GL = .,097, or 6.8 percent
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TABLE II
m
Effect of Type of Maneuver on CLmax

Maneuver Propeller condition Re%zgi%§O§:?ber GLmax
Steady glides | Stonped vertically 2,207 1.290
Slow puliuups Stopped vertically 2,245 1.320
Steady glides | Stopped horizontally 2.258 1,311
Slow pull-ups | Stopped horizontally 2.200 1,366

TABLE III
Variation of Gy with Propeller Condition
max )
. Reynoldg Number | C

Propeller condition Maneuver %millions) Lax
Stooped vertically Slow pull-=ups 2,245 1,320
Stopped horizontally | Slow pull-ups 2.200 1,366
Stopped vertically Slow pull-—ups 24840 1;456
Stopped horizontally | Slow pull-ups 2,716 1,468
Stopped vertically Steady glides 2.207 1.290
Stopped horizontally | Steady glides 2.258 1,311
Stopped horizontally | Slow pull-ups 2.238 1;339
Idling* Slow pull-ups 2.195 1,398 °
Fall Slow pull-ups 1,957 l.732

throttle

*¥*0nly one run,
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TABLE IV
Variation of CLmax with Reynolds Number
Reynolds Nunmber GL Propeller condition
(millions) max
24,260 1.325 Propeller vertical
3.020 1.487 Propeller verticel
2.200 1.366 Propeller horigontal
2,716 1.468 Propeller horigzontal
TABLE V

Variation of . CL

with Wing Surface Condition

max
Wing surface condition Re%ggiiiogg?ber OLmax
Highly polished 2.204 1,317
Thread on unper surface 2,202 1.298
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